We report on spin-flip Raman scattering and on Raman scattering by acoustic phonons in CdS nanocrystals embedded in a glass matrix. We discuss both the spin-flip and the acoustic-phonon Raman spectra on the basis of the interaction of size-quantized electronic excitations with nonconfined acoustic vibrations. The polarization of spin-flip Raman scattering in the Faraday and Voigt configurations is analyzed in comparison with that for bulk CdS. The effective electron g factor has been measured as a function of the quantum dot size.
I. INTRODUCTION
Spin-flip Raman scattering ͑SFRS͒ was first studied in bulk CdS by Thomas and Hopfield. 1 The effective g factors for bound donors and acceptors were measured, and an impurity-mediated spin-flip mechanism was discussed. A variety of other experimental findings, many of which were a direct result of high-resolution SFRS spectroscopy in CdS, was reviewed by Geschwind and Romestain 2 and Scott. 3 Recently, low-dimensional systems such as GaAs/Al x Ga 1Ϫx As ͑Refs. 4-7͒ and CdTe/Cd x Mg 1Ϫx Te ͑Ref. 8͒ multiple quantum wells and InP/In x Ga 1Ϫx P self-assembled quantum dots 9 have been studied by SFRS in order to obtain information about g factors. In comparison to other techniques, such as polarized exciton luminescence, 10 optically detected spin resonance, 11 or Hanle effect measurements, 12, 13 which only yield the g factors of either excitons, electrons, or holes, SFRS allows one to determine all these quantities in a single experiment. 4, 7 In the present work SFRS is applied to CdS quantum dots ͑QD's͒ embedded in a glass matrix. This system is currently of great interest because of its unique electronic and optical properties, which are modified by size quantization of the electronic states. [14] [15] [16] [17] Here we investigate changes of the electron g factor with the quantum dot size, as well as the polarization and the mechanisms of the SFRS. In this context, the interaction between electronic excitations and acoustic phonons in the case of complete carrier confinement and the nature of the acoustic-phonon spectrum, which can be obtained by Raman spectroscopy, are important to understand our experimental results.
While the optical vibrational modes in QD's based on II-VI semiconductors were extensively studied by means of Raman spectroscopy and their confinement was established both experimentally and theoretically, [17] [18] [19] [20] [21] [22] [23] the situation for acoustic phonons is less clear. Distinct maxima ͑one or two͒ in the low-frequency Raman spectra around 5 -20 cm
Ϫ1
were observed in a number of experiments 17, [24] [25] [26] for different nanocrystals embedded in a matrix. It was found that a decrease of the QD radius, a*, results in an increase of their Raman shift, ⌬ max .
To explain these maxima, the idea of acoustic-phonon confinement was invoked. [24] [25] [26] [27] [28] Eigenfrequencies of spheroidal and torsional confined acoustic modes were calculated using the macroscopic theory of elastic vibrations for a homogeneous spherical body 29 with a free surface, which was assumed to be applicable to nanocrystals. [24] [25] [26] [27] [28] 30 This macroscopic model describes the dependence of ⌬ max on a* and the polarization of the Raman spectra by means of the interaction with the lowest confined acoustic modes for ''free-standing'' and ''rigid'' boundary conditions 28 as well as for the case when the influence of the matrix is taken into account by means of a ''relaxed surface layer.'' 30 The samples used for studies of the acousticphonon Raman spectra usually contain nanocrystals embedded in a matrix. 17, [24] [25] [26] Many different situations, depending on the glass and QD parameters, can therefore occur, in principle, and the modes involved can vary from almost confined to bulklike. However, since the sound velocities in a glass matrix and crystalline CdS are similar, bulklike nonconfined acoustic vibrations are expected to play an essential role in the explanation of the low-frequency Raman spectra for the system that is investigated here. We therefore examine the spectra of acoustic-phonon Raman scattering ͑APRS͒ in CdS QD's and propose that the low-frequency maxima in the regime of size-selective excitation appear due to the interaction of size-quantized electronic excitations with nonconfined bulklike acoustic phonons.
have a random distribution of the c axis direction in the glass matrix. The mean radius ā , of the nanocrystals ͑not equivalent to a*, which is probed under size-selective excitation 17 ͒ has been estimated by comparison of the low-energy absorption threshold position, which is modified due to the carrier confinement, with calculations. 17 For Raman measurements, we used samples with mean dot radii of 33, 44, 70, and 87 Å, comparable to or larger than the bulk exciton Bohr radius of about 30 Å. 31 The regimes of either intermediate or weak exciton confinement are realized in these samples. It was estimated that for each sample the ratio of the mean deviation in the size distribution to the mean radius is about 0.4Ϯ0.1. 17 The samples are polished platelets (5ϫ5 mm 2 ) with a thickness of about 0.5 mm. In the following, the samples are labeled by their mean dot radii.
A number of Ar ϩ -ion laser lines was used to excite Raman spectra within the energy distribution of excitons confined in the QD's with a certain average size. Following the concept of size-selective excitation, 17, 21 we assume that only the nanocrystals with an exciton transition energy close to that of the laser are resonantly excited. The excitation power density of the laser was less than approximately 10 mW/cm 2 in order to reduce the local heating of the samples. The sample temperature was varied between 10 and 280 K. It was controlled with a Si diode attached to the sample holder.
Raman spectra were measured with a SPEX 1404 double monochromator equipped with a cooled GaAs photomultiplier for single-photon counting. The resolution limit of our setup is about 0.2 cm
. The experiments were performed in backscattering geometry. Magnetic fields B up to 14 T were applied both along ͑Faraday configuration, B ʈ k͒ and perpendicular ͑Voigt configuration, BЌk͒ to the direction of the laser beam k.
To investigate polarization effects in the Raman spectra we used the parallel, z(x,x)z, and crossed, z(x,y)z, geometries for linearly polarized measurements, as well as circularly polarized, z( Ϯ , Ϯ )z, and depolarized, z( Ϯ , ϯ )z, configurations. The first ͑second͒ symbol in brackets corresponds to the polarization of the exciting ͑backscattered͒ light. The symbols x, y, and z are not related to the crystallographic axes of the QD's, but represent orthogonal axes with respect to the laboratory frame. For k ʈ z, Ϯ ϭ(e x Ϯie y )/&, where e x and e y are unit vectors along the x and y axes. The degree of linear ͑circular͒ polarization of the scattered radiation propagating along the z direction is defined as
where I ʈ and I Ќ are the intensities of the light polarized parallel and perpendicular with respect to the polarization of the excitation. For circular polarization I ʈ (I Ќ ) is the light intensity in the polarized ͑depolarized͒ configuration. The photoluminescence ͑PL͒ and absorption spectra of CdS QD's have been systematically studied. 17 Figure 1 shows transmission spectra of the 33, 44, 70, and 87 Å QD's at Tϭ10 K. With decreasing QD size the high-energy threshold in the transmission shifts towards higher energies, corresponding to increasing exciton confinement.
III. EXPERIMENTAL RESULTS

A. Acoustic-phonon Raman spectra at B‫0؍‬
Typical low-frequency APRS spectra for the 33, 70, and 87 Å samples excited with different laser lines are shown in Fig. 2 . In both, the Stokes ͑by definition positive Raman shift, ⌬͒ and anti-Stokes ͑negative Raman shift͒ parts of the spectrum ͓Figs. 2͑a,b͔͒ a broad maximum at ⌬ max is symmetrically placed with respect to the laser line. In the 87 Å sample at excitation energy 2.54 eV ͓Fig. 2͑c͔͒, the maximum occurs for a small Raman shift and cannot be detected due to the finite stray-light rejection of the spectrometer. The main features of ⌬ max , such as its dependence on the excitation energy for size-selective excitation, and on ā for nonresonant excitation ͑see Introduction and Refs. 17, 24-26͒, were observed in our experiments for all samples.
In the case of single-phonon processes, the Raman intensities for the Stokes, I S , and anti-Stokes, I AS , parts of the spectra are proportional to the statistical factors ͓n(⌬)ϩ1͔ and n(⌬), where n(⌬) is the phonon occupation number given by the Bose-Einstein distribution function:
. To analyze the acoustic-mode spectra we thus divide the measured Raman intensity by the appropriate statistical factor, which is very sensitive to temperature. In order to take heating effects at the laser spot into account, the local temperature of the sample, T*, was obtained from a fit of the experimental data to the following expression:
At weak pumping powers (Ͻ1 W/cm 2 ) the value of T* obtained in this way is about 13 K ͓see lower spectra in Fig.  2͑c͔͒ , close to the temperature measured by the Si diode on the sample holder in the exchange-gas cryostat (Tϭ5 K). With increased pumping power up to 25 W/cm 2 , however, the effect of local heating is strong ͓see upper spectra in Fig.  2͑c͔͒ , especially for excitation with a laser energy in the range of strong absorption. The value of T* can reach 50 K ͓see Fig. 2͑a͔͒ , while no change is registered by the temperature sensor. The direct measurement of the sample temperature at the laser spot by the Stokes-to-anti-Stokes ratio is therefore indispensable for an accurate analysis of the Raman line shapes and temperature-dependent measurements and values of T* obtained this way are used throughout the paper. Note that the resonance profile for APRS is very broad compared to typical acoustic-phonon energies involved in the Raman process. Therefore, it does not affect this analysis. Figure 2 also shows the reduced Raman intensity, I*, obtained from the experimental spectra after dividing by the appropriate statistical factor calculated with the sample temperature T* found from the fit to Eq. ͑1͒. As expected, the reduced spectra are nearly symmetric with respect to the laser line. This proves that APRS spectra are governed in the whole range of ⌬ by first-order processes that we attribute to acoustic phonons. The spectra thus reflect the probability of scattering by one acoustic phonon. Note that a relaxation of k-vector conservation is required to obtain a continuous emission over such a broad spectral range rather than the sharp Brillouin lines that are usually observed in bulk crystals. [32] [33] [34] [35] [36] This issue will be further discussed below. The spectral range for studies of acoustic phonons was restricted to about Ϯ60 cm Ϫ1 by two factors: ͑i͒ the fast decrease of the signal in the anti-Stokes part and ͑ii͒ the appearance of a PL background in the Stokes part for larger Raman shifts. This PL background component of the total intensity in the APRS region can, in principle, have a different spectral and temperature dependence, thus producing an uncertainty in the determination of T*. However, we obtained nearly the same value of T* from the Stokes-to-antiStokes ratio of the SFRS components ͑see the following subsection͒. In the case of the very narrow SFRS lines that ratio can be measured unambiguously and, hence, it gives an even more accurate estimate of T* compared to the abovedescribed procedure based on the broad APRS spectra. In the following, we restrict the analysis to the range where the PL background is small compared to the APRS intensity.
It is clearly seen in Fig. 2͑b͒ , that the reduced APRS spectrum has two distinct regimes: for small phonon energies (⌬Ͻ⌬ max ), I* increases from zero with ⌬, while for larger ⌬ it decreases slowly, by about 10% between 15 and 60 cm Ϫ1 . For the spectrum in Fig. 2͑a͒ , a similar behavior is observed. However, it corresponds to a superposition of two contributions that will be discussed below. It is significant that the broad maximum, which exists in the original spectrum, almost disappears and all that remains is a change in the slope of the spectra around ⌬ max . In temperature-dependent measurements we have also found that the position of ⌬ max increases for larger T, for example, this shift is equal to about 2 cm Ϫ1 when T changes from 15 K to 140 K and is also reflected in the reduced spectra. In the next section we demonstrate that the maxima in Figs. 2͑a,b͒ result from the interplay between the one-phonon scattering probability for bulklike acoustic modes, whose exact shape needs to be established, and the phonon statistical factors.
B. Spin-flip and acoustic-phonon Raman spectra at B 0
In a magnetic field narrow Stokes and anti-Stokes SFRS lines appear on top of the APRS spectra ͓see Fig. 3͑a͔͒ . We attribute these narrow lines to acoustic-phonon-assisted electron spin-flip processes. [4] [5] [6] [7] The full width at half-maximum ͑FWHM͒ of the spin-flip lines, ␦, after deconvolution with respect to the instrumental response is about 0.5 cm
Ϫ1
. This value neither changes with magnetic field nor with temperature up to 280 K. The Raman shift of the electron spin-flip line, ⌬ e , is directly proportional to B. The absolute value of the electron g factor, g e , is related to the Zeeman splitting of the electron states by ⌬ e ϭ͉g e ͉ B B, where B is the Bohr magneton ( B Ӎ0.4668 cm Ϫ1 /T). This dependence is shown in Fig. 4 . For all samples measured, the absolute values of g e are close to that measured for bulk CdS. In contrast to other uniaxial systems, e. g., bulk CdS ͑Ref. 32͒ or GaAs/AlAs quantum wells, 7 no anisotropy of the electron g factor, which would reveal itself in a dependence of the position of the spin-flip line on the orientation of the magnetic field with respect to the crystal axes or the laser beam, was observed in CdS QD's.
The APRS spectra do not depend on the magnetic field in the whole range of ⌬, while the SFRS intensity, I SF , does.
FIG. 2. APRS spectra of the CdS QD's measured in z(
ϩ , ϩ )z configuration ͑open triangles͒. ͑a͒ 33 Å, E exc ϭ2.7 eV at T* ϭ50 K. ͑b͒ 70 Å, E exc ϭ2.6 eV at T*ϭ30 K. ͑c͒ 87 Å, E exc ϭ2.54 eV at T*ϭ13 and 20 K. Stokes and anti-Stokes parts of the spectra in ͑a͒ and ͑b͒ show peaks at ⌬ max and Ϫ⌬ max , respectively. Raman intensities I* obtained after division of the APRS spectra by the statistical factors n(⌬) and ͓n(⌬)ϩ1͔ ͑open circles͒ for the anti-Stokes and Stokes parts, respectively, are shown with filled triangles.
I SF is always proportional to the APRS intensity, I
AP , at the same value of ⌬. We thus conclude that I SF is also related to the probability of scattering by acoustic phonons.
The polarization of SFRS has been measured for different orientations of the magnetic field with respect to the laser beam. Both the Stokes and anti-Stokes intensities exhibit the same polarization behavior. The results for the Voigt and Faraday configurations are summarized in Table I . The SFRS is strongly circularly polarized: in both configurations we find c Ϸ0.75. For linearly polarized excitation in the Faraday geometry the SFRS intensity is stronger for the crossed polarizations: l ϷϪ0.5. Note that APRS has different polarization characteristics compared to SFRS. The degree of the linear polarization of APRS is about 0.3, and it depends only slightly on the Raman shift ⌬. No circular polarization was detected for the APRS spectra ( c ϭ0).
The SFRS intensity depends on the photon energy E exc of the exciting laser. For example, in the 70 Å sample I SF has a maximum at E exc ϭ2.6 eV and decreases when E exc deviates from this value. We find that two extreme cases are realized:
SF when E exc decreases and I AP ӶI SF when E exc increases from the maximum. In other words, the resonance profile for SFRS is shifted to higher energies with respect to that of APRS. For a detailed analysis of the SFRS and APRS resonant profiles additional measurements with tunable laser excitation are required.
For each excitation energy, the intensity of both SFRS and APRS divided by the appropriate statistical factor decreases with increasing temperature as shown in Fig. 5 for the 44 and 70 Å samples and for bulk CdS. The temperature at which the Raman intensity vanishes changes from 75 K in bulk CdS to 250 K for the 70 Å QD's. For the 33 and 44 Å QD's we did not reach the point where the Raman intensity disappears and observed only a decrease of I* by a factor of three for an increase in temperature from 12 K to 280 K. The experimental data at high temperatures were fitted to the following expression: ln͓I*/I*͑T*ϭ12K ͔͒ϭ 0 kT* . ͑2͒
Here, 0 represents a characteristic energy obtained from the experimental curves. The fitting parameter 0 increases with decreasing mean QD radius from 11 meV for bulk CdS to 42 meV for 44 Å QD's. For the 33 Å sample we did not reach the linear regime up to 280 K, a fact which indicates a further increase of 0 with decreasing ā .
IV. DISCUSSION
A. Electron g factor
We now compare the results of SFRS in CdS-based QD's to those found for bulk CdS. To do so, we have measured spectra for bulk material 1,2 under the same experimental conditions. In Fig. 3͑b͒ the SFRS spectra for two orientations of a fixed magnetic field, parallel and perpendicular to the c axis of bulk CdS, are shown. We observe a slight difference in the positions of the SFRS maxima in the two configurations which reflects the anisotropy of the electron g factor. The measured components of the electron g factor tensor for magnetic fields parallel and perpendicular to the c-axis of the bulk crystal, g ʈ e ϭ1.760(5) and g Ќ e ϭ1.785(5), respectively, are represented in Fig. 6 by open squares. These values are close to those found in the literature: g ʈ e ϭ1.771(4) and g Ќ e ϭ1.788(2).
32,33
The behavior of the electron g factor in QD's differs from that in bulk CdS. First, there is no macroscopic anisotropy of g e in our samples due to the random orientation of the dots and, secondly, g e changes with decreasing excitation energy E exc ͑or with increasing a* according to the concept of sizeselective excitation 17 ͒ from 1.810͑5͒ (E exc ϭ2.71 eV) to 1.785͑5͒ (E exc ϭ2.54 eV), the latter value of g e being close to that of bulk CdS. Our experimental data for electron g factors in QD's versus the excitation energy are shown in Fig. 6 by solid symbols. At each value of E exc electron g factors hardly vary from one sample to another ͑with different ā ͒ within the experimental accuracy.
In contrast to SFRS in other low-dimensional semiconductor structures, 9 we were not able to determine experimentally the sign of the electron g factor in CdS nanocrystals. This is a consequence of the breakdown of bulklike selection 
rules for the polarization of the optical transitions because of the mixing of the hole states in the valence band. We have thus chosen the same ͑positive͒ sign for the electron g factor in the QD's as in bulk CdS.
For an accurate calculation of the electron g factor in bulk CdS a five-band k•p method has been successfully used. 11, 32, 34 With this model, and the assumption of sizeselective excitation, we can describe qualitatively the small variation of the electron g factor with E exc , by replacing the fundamental gap of bulk CdS in Eq. ͑6͒ from Ref. 34 by the energy of the exciting photon. The result of this calculation, neglecting the anisotropy of the electron g factor, is shown by the solid line in Fig. 6 . The main contribution to the energy dependence of g e can be illustrated using the simple formula by Roth, Lax, and Zwerdling 35 which results from a three-band k•p model:
where g 0 is the free-electron g factor, and E is the fundamental gap renormalized by the confinement. For sizeselective excitation E is equivalent to E exc . The values of the inter-band matrix element, E P ϭ24.9 eV, and spin-orbit splitting, ⌬ 0 ϭ0.08 eV, can be taken to be the same as for bulk CdS. 11, 32, 34 Due to the small value of ⌬ 0 in CdS ͑in comparison with the fundamental gap͒, the estimated change in g e , when the excitation energy varies from 2.54 eV to 2.71 eV, does not exceed 1%. Note that in other nanostructures, based on semiconductors with relatively large spinorbit splitting, significant variations of the electron g factor with size parameters were reported.
8,9
We did not find any Raman signals related to spin flip of the holes, which was observed in bulk CdS for specific orientations of the magnetic field and the c axis. 1 The heavyhole g factor in CdS is strongly anisotropic due to the symmetry of the periodic part of the Bloch functions of these states. 1 It changes from 0 to 2.7, depending on the orientation of the magnetic field with respect to the c axis. In the case of CdS QD's, SFRS related to holes is probably absent because of a large inhomogeneous broadening in the hole Zeeman splitting, which can be of the order of the total splitting because of the random orientation of nanocrystals in the matrix.
B. Acoustic-phonon and spin-flip Raman-scattering spectra
As already pointed out in the previous sections, the spectra of both SFRS and APRS can be explained qualitatively by the interaction of the electronic excitations quantized in the confining potential of the QD's with bulklike acoustic phonons. This effect is similar to the continuous emission ͑''geminate recombination''͒ observed in bulk CdS ͑Ref. 36͒ and in GaAs/Al x Ga 1Ϫx As multiple quantum wells. [37] [38] [39] [40] [41] The appearance of a broad background signal at acoustic-phonon frequencies has been explained as the result of broken kvector conservation, induced by exciton localization in bulk CdS ͑Ref. 36͒ or by spatial confinement for the case of quantum well structures. [37] [38] [39] [40] [41] Moreover, in Ref. 36 a maximum at around 6 cm
Ϫ1
, similar to what is shown in Figs. 2͑a,b͒, was observed in emission spectra under resonant excitation of bulk excitons localized near impurities. The position of this maximum was determined by the characteristic size of the localized-exciton wave function, which can be viewed as an equivalent of the QD radius in the cases of strong and intermediate exciton confinement.
In QD's the electronic excitations are confined in all directions. This leads to a complete relaxation of the k-vector conservation in the Raman scattering by bulk acoustic vibrations and allows us to qualitatively explain our main observations. The size distribution of the QD's needs to be taken into account. Neglecting statistical factors, the efficiency of Raman scattering by one phonon can be written as
where G(a*) is the QD size distribution function that is usually approximated by a Gaussian, l ( s ) is the incident ͑scattered͒ light frequency, ␣ (a*,B) and ␥ ␣ are the energy and the homogeneous lifetime broadening of the sizequantized electronic excitations, v is the average sound velocity, q a phonon wave vector, and M (q,a*) is the matrix element of the electron-phonon interaction. In the following calculations, the width of the Gaussian dot-size distribution G(a*) ͑inhomogeneous broadening͒ was taken to be 40% of ā .
17
According to Eq. ͑4͒ the entire dispersion branches of the acoustic phonons contribute to the scattering efficiency. The relative strength of the contributions from modes with different frequencies, i.e., the scattering profile, results from a rather complicated interplay of the matrix element M (q,a*), the energy denominators ͑which can lead to resonant signal enhancement͒, the phonon density of states, and the QD size distribution function. However, a number of conclusions can be readily drawn from this formula. Due to the rather broad size distribution for all our samples, the main contributions to the one-phonon Raman scattering efficiency result from the processes that involve either incoming or outgoing resonance. This means that contributions to the scattering intensities in the low-energy part of the spectrum are mainly the result of the selective excitation or, for outgoing resonance, selective recombination. Model calculations according to Eq. ͑4͒ show that the scattering profile is sensitive to the dependence of the matrix element M (q,a*) on the Raman phonon wave vector of magnitude qϭ( l Ϫ s )/v. This dependence is a product of factors corresponding to the coupling constant C q and to the matrix element R(q,a*) of a plane-wave exp(iqr) evaluated with the proper excitonic wave functions. The results of such calculations for the coupling to the acoustic vibrations via the deformation-potential interaction C q ϳͱq ͑see, for example, Refs. 38-41͒ are shown in , and the QD mean radius ā ϭ40 Å. The matrix element R(q,a*) was evaluated for transitions between 1s exciton states corresponding to weak confinement, i.e., the case when the translational center-of-mass motion of the exciton is quantized while the wave function of the relative electron-hole separation coincides with that of a bulk exciton so that
where j m and x mn are the Bessel function of order m and its nth zero, respectively. For zero magnetic field qualitative agreement with the experimental data is obtained for a broadening parameter of ␥ ␣ ϭ24 cm Ϫ1 ͓see Fig. 7͑a͔͒ . The calculated scattering efficiency J shows a rapid increase for small Raman shifts ⌬ that is followed by a maximum at ⌬ max and then changes to a slow decrease with a well-developed shoulder. For small ⌬Ӷ⌬ max and resonant excitation, the scattering efficiency mainly follows the q 3 behavior that results from the product of the phonon density of states and the square of the coupling constant, while the matrix element R(q,a*) is almost independent of q. However, for ⌬ Ͼ⌬ max the strong decrease of R(q,a*) overrules this dependence.
We thus conclude that the characteristic frequency ⌬ max provides an estimate of the acoustic-phonon energy with q of the order of the typical inverse size of the size-quantized exciton wave function that scales proportionally to 1/ā . At qa*տ1 the matrix element starts to decrease due to compensation in the overlap integral of the exciton and phonon states. In the model calculations of Fig. 7͑a͒ we took into account only one acoustic branch with an average sound velocity. The calculated dependence for ⌬ max as a function of 1/ā under resonant excitation is shown in Fig. 7͑c͒ for the exciton homogeneous broadening parameters ␥ ␣ ϭ0.4, 8, and 24 cm
Ϫ1
. Note that this dependence, which is basically determined by the exciton confinement in dots with a*ϳā , is very similar to that predicted by the models based on confined acoustic phonons. [24] [25] [26] [27] Thus most of the APRS features observed previously can also be explained by the interaction of the confined excitons with bulklike phonons. Along these arguments the observed temperature dependence of ⌬ max can also be explained by the interplay of the acousticphonon density of states, the statistical factor, and the temperature-induced increase of ␥ ␣ ͓see Fig. 7͑a͔͒ , while inhomogeneous broadening of ''confined'' acoustic phonons does not need to be considered. Furthermore, the possibility of calculating the whole Raman spectrum, implicit in our model, should allow one to perform a more detailed comparison with the experiment than using confined acoustic modes the theoretical spectra of which are simply composed of broadened peaks at discrete vibrational eigenfrequencies.
Taking into account both longitudinal, LA, and transverse, TA, acoustic modes with different sound velocities, v LA ϭ4.25ϫ10 3 m/s and v TA ϭ1.86ϫ10 3 m/s, 42 one can obtain two maxima in the Raman efficiency as shown in Fig.  7͑b͒ . The relative strength of the two contributions, which depends on the QD size, 27 has not been taken into account. In this scenario, the maxima at ⌬ max discussed so far ͓see Fig. 2͑a ,b͔͒ originate from TA phonons, while the second threshold at ⌬ϭ45 cm Ϫ1 in the Raman spectrum of Fig. 2͑a͒ corresponds to the contribution of the LA modes.
The sharp SFRS peaks observed in a high magnetic field can also be explained as involving acoustic-phonon Raman scattering [4] [5] [6] [7] when the interaction Hamiltonian for transitions between the electron states with different spin 43, 44 is taken into account ͑see below͒. Because of ͑i͒ the broad size distribution of the QD's and ͑ii͒ the absence of k-vector conservation for interaction with bulk acoustic vibrations, the SFRS peaks show up as a result of doubly resonant, acousticphonon-mediated spin-flip scattering. In contrast to the incoming or outgoing single resonances of APRS, which lead to the continuous emission, the SFRS involves two real intermediate states when ⌬ equals the Zeeman splitting for those QD's that are in resonance with the excitation. Note that the observed continuous dependence of the SFRS on the magnetic-field strength ͓Fig. 3͑a͔͒ is easily explained by the assumption of bulklike acoustic vibrations. The phonon continuum always provides phonons to fit the Zeeman splitting in a doubly resonant scattering process. This, however, cannot be directly achieved within the fully confined phonon model. The corresponding calculated SFRS spectrum is shown in Fig. 7͑d͒ for Bϭ8 T and gϭ1.795. The FWHM of the calculated spin-flip line is mainly determined by the homogeneous exciton width ␥ ␣ which was taken to be 0.4 cm Ϫ1 in order to reproduce the experimental spectra in Fig. 3͑a͒ . It is also slightly affected by the QD size distribution and the energy of the electronic states through Eq. ͑4͒. Note that the agreement between experimental and theoretical profiles for APRS improves for larger broadenings of the excitonic intermediate states, whereas a reasonable description of SFRS spectrum may be obtained only for a small broadening. It is difficult to describe both SFRS and APRS spectra using the same value of ␥ ␣ , a point which needs further investigation.
We discuss now other possible mechanisms that may contribute to the broadening of the spin-flip lines in QD's and that are not included in Eq. ͑4͒. One such contribution is related to the anisotropy of the electron g factor, ⌬g, (⌬g ϭg Ќ e Ϫg ʈ e ) due to QD nonsphericity or to the wurtzite structure of each particular nanocrystal. This effect causes an additional ͑inhomogeneous͒ broadening of the spin-flip line ␦Ј due to an averaging over the random orientations of the QD's in the experiment. For CdS-based QD's this contribution, which should be linear in the magnetic field (␦Ј ϳ⌬g B B), is estimated to be about 0.15 cm ), we conclude that the anisotropy of the electron g factor in each particular QD is small and, at most, does not exceed that for bulk CdS. Comparing the SFRS spectra TABLE II. Relative intensities of SFRS in bulk CdS for Voigt (BЌk) and Faraday (Bʈk) configurations, Bϭ12 T, Tϭ5 K, z is parallel to the c axis of the wurtzite CdS and x and y are two mutually orthogonal directions. The symbols ʈ and Ќ for linear polarization in the Voigt configurations indicate the polarization with respect to magnetic-field direction. For Bʈc in Faraday configuration, the resonant SFRS in bulk CdS is forbidden both in linear and circular polarizations, 1,2 which leads to a drastic decrease of the experimental intensity by two orders of magnitude in comparison with that in Voigt configuration.
Linear polarization
Circular polarization 
in Fig. 3͑a͒ , we find that ␦ for nanocrystals is smaller than for bulk CdS in case of k ʈ cЌB. The corresponding spectrum is shown by the dashed line in Fig. 3͑b͒ . Indeed, the dispersion of excitons which are intermediate states in the scattering process causes an additional broadening of the spin-flip line for excitation with a laser beam along the c axis of bulk CdS. 2 In QD's this mechanism is destroyed by the full exciton confinement.
C. Selection rules for the SFRS polarization
We now discuss the selection rules for SFRS in QD's and bulk CdS. In the bulk, the SFRS polarization is determined by the resonant contributions from the A, B, and C valence subbands 1, 32 and depends strongly on the excitation energy. The linear polarization was discussed in detail in Ref. 1. Our experimental data for bulk CdS, obtained at resonant excitation with E exc ϭ2.54 eV, are summarized in Table II .
Comparing the results of Tables I and II, the polarization of the SFRS in QD's cannot be accounted for by any of the specific orientations of the crystallographic axes of bulk CdS with respect to the magnetic field and the exciting light. For example, the SFRS intensities in QD's in both the Faraday and the Voigt configurations are close to each other and the signal is strongly circularly polarized. In the bulk, the electronic SFRS is forbidden in the Faraday configuration, both in zinc-blende and wurtzite ͑for k ʈ c͒ semiconductors, 1 and strong but only weakly polarized in the Voigt configuration.
To describe the experimentally detected SFRS polarization in QD's ͑see Table I͒ we have calculated the appropriate matrix elements for the optical transitions. The mixing of the hole-states in the valence band due to full confinement was taken into account. 45 The total matrix element that determines the SFRS process in a QD can be written as
where e l (e s ) is the polarization vector of the incoming ͑scat-tered͒ light, p is the momentum operator, f e and h are the electron and hole wave functions in the QD's in a magnetic field, respectively, and H e-ph spin is the Hamiltonian of the spinflip electron-phonon interaction. The ͑Ϯ͒ signs correspond to the electron spin orientation in the conduction band with wavefunctions ͉S↑͘ and ͉S↓͘, respectively. Note that M spin is additively included in M (q,a*) from Eq. ͑4͒, which describes the transitions both with and without a change of the electron spin. We treat the states h as a linear combination of the valence-band wave functions of an idealized system with zinc-blende structure, mixed at kϭ0 by size quantization:
Here, f j ͑jϭ1, 2, 3, and 4͒ are the hole envelope functions for a QD in a magnetic field, and a 1,4 and b 2,3 are admixture coefficients that depend on the QD radius and B. where x, y, and z are orthogonal axes with respect to the laboratory frame. The spin ͉↑͘ ͉͑↓͒͘ is quantized along the z axis. For a spin-flip process assisted by acoustic phonons, the matrix element of the electron-phonon interaction is 43, 44 ͗ f e Ј͑Ϯ͒ h ͉H eϪph
͑8͒
where z (ϯ,Ϯ) are the spin wave functions quantized along the z axis, is the density, V is the normalization volume, Aϭ(0,xB,0) is the vector potential for the external magnetic field directed along z, and ã is the lattice constant. The expression for P ee Ј is given by Table I for several scattering geometries. Note that the experimental data were not corrected for effects due to resonant Faraday rotation and Fresnel loss of polarization, which might cause discrepancies between the calculated and experimental data in the Table I .
V. CONCLUSIONS
We have explained both SFRS and APRS spectra in CdS QD's through the interaction of size-quantized electronic excitations with nonconfined bulklike acoustic phonons. The localized character of the excitonic wave function in the quantum dots leads to the relaxation of k-vector conservation in the Raman process. As a consequence, acoustic phonons throughout the entire Brillouin zone can contribute to the scattering. This leads to resonant APRS and to doubly resonant acoustic-phonon-mediated SFRS. The electron g factor in CdS QD's has been measured with high accuracy. It changes with increasing QD radius from 1.810͑5͒ to 1.785͑5͒, the latter value being close to that of bulk CdS.
